The identity of the endogenous RXR ligand has not been conclusively determined, even though several compounds of natural origin, including retinoids and fatty acids, have been postulated to fulfill this role. Filling this gap, 9-cis-13,14-dihydroretinoic acid (9CDHRA) was identified as an endogenous RXR ligand in mice. This review examines the physiological relevance of various potential endogenous RXR ligands, especially 9CDHRA. The elusive steps in the metabolic synthesis of 9CDHRA, as well as the nutritional/nutrimetabolic origin of 9CDHRA, are also explored, along with the suitability of the ligand to be the representative member of a novel vitamin A class (vitamin A 5 ).
INTRODUCTION
Various studies have previously claimed the characterization of endogenous ligands of retinoid X receptor (RXR) as having the structure of either a retinoid or a fatty acid. [1] [2] [3] [4] [5] Dawson and Xia 6 summarized several studies on RXR ligands. In all cases, however, the endogenous and nutrition-dependent levels required for RXR activation were virtually unknown, as they were either below the limit of detection or the amounts were too low for receptor activation. 3, [7] [8] [9] The first endogenous, physiologically relevant RXR ligand, 9-cis-13,14-dihydroretinoic acid (9CDHRA), was recently characterized and found to induce moderate transcriptional RXR activation (% 10 À6 to 10 À7 M range). 10 This review will focus on the metabolic and nutrimetabolic pathways for the endogenous synthesis of 9CDHRA from related 13,14-dihydro retinoids, 9-cis retinoids, and 9-cis-13,14-dihydro retinoids and will examine potential nutritional precursors of 9CDHRA.
The metabolic pathway starting from these previously mentioned substances may support the notion that these substances represent a novel fully or partly independent pathway for vitamin A activity. It is proposed here that 9CDHRA may represent an end product of a novel vitamin A pathway for activation of the nuclear hormone receptors, the retinoic acid receptors (RARs), and, most importantly, the RXRs.
Known RXR ligands and their physiological relevance
Various derivatives, ranging from retinoids to fatty acids, have been proposed to function as endogenous ligands for RXR. [1] [2] [3] [4] [5] In particular, the potential endogenously occurring retinoid 9-cis retinoic acid was the subject of intense scrutiny by several research groups and became widely accepted as the endogenous RXR ligand. [11] [12] [13] [14] [15] [16] Other groups with expertise in retinoid analysis, however, failed to detect 9-cis retinoic acid in humans and other mammals, [7] [8] [9] [10] 14, [17] [18] [19] [20] [21] thus calling into question the endogenous occurrence of this compound (Figure 1A 7, 10, 14, 17 ) . It seems that 9-cis retinoic acid may be found endogenously only after administration of high doses of synthetic retinoids or after intake of high amounts of foods that are rich in vitamin A derivatives like retinol and retinyl esters, ie, amounts reached only in nutritional intervention studies. 22, 23 There are several technical issues that may have led to some confusion in the detection of endogenous 9-cis retinoic acid. The first claim for the identification of 9-cis retinoic acid as an RXR ligand was made by Heyman et al 1 and was based on the analysis of highperformance liquid chromatography (HPLC) profiles with UV detection using coelution alone as an indicator. 9-Cis retinoic acid was identified and claimed to be endogenously present. Unfortunately, this method of identification and detection was subsequently proven to be not entirely specific and not conclusive enough because various derivatives may also coelute with 9-cis retinoic acid. 7, 10, 14 More-conclusive evidence of the presence of a given compound than HPLC coelution would require the UV spectrum of the substance to be identified along with a complete mass spectrum or, better still, selective highly specific mass fragmentation patterns of the derivative to be identified. 7, 10, 24, 25 Indeed, the identification of 9-cis retinoic acid by HPLC coelution alone should be considered as a tentative confirmation of low security, while strong evidence of the endogenous existence of 9-cis retinoic acid is still lacking (reviewed by de Lera et al 26 ) . These studies into whether 9-cis retinoic acid is an endogenous derivative were performed more than 20 years ago, and developments in analytical techniques, especially HPLC coupled with mass spectrometry (MS), have improved zel and were analyzed by the methods described previously, 7 with modifications outlined by Rühl et al. 10 In this setup, no additional prefilter was used before the HPLC column. This resulted in shorter retention times, as seen for ATRA when compared with Figure 1A ; (C) 9-Cis isomerization pathway from ATRA to 9CRA, 13CRA and 9,13DCRA as well as from ATDHRA to 9CDHRA; (D) UV-induced isomerization of ATRA by electromagnetic radiation in the visible range (adapted from Kane et al 17 
)
, with arrows marking individual isomers of retinoic acid. Abbreviations: ATDHRA, all-trans-13,14-dihydroretinoic acid; ATRA, all-trans retinoic acid; 9CDHRA, 9-cis-13,14-dihydroretinoic acid; 9CRA, 9-cis retinoic acid; hv, used here as a representative term indicating, in this reference, electromagnetic radiation; 13CRA, 13-cis retinoic acid; 9,13DCRA, 9,13-dicis retinoic acid.
significantly, particularly with regard to selectivity and sensitivity.
In recent years, 2 groups have established highly sensitive HPLC-MS methodologies for retinoid analysis in the low range of 0.01 to 0.001 ng/ml (or ng/g) for the quantification of various retinoids, including retinoic acid isomers such as 9-cis retinoic acid. 20, 27 In one case a peak was identified using tandem mass spectrometry (MS/MS) under conditions that were specific for retinoic acids (301-205 m/z, using HPLC-MS/MS), and a peak detected in a pancreas sample, which coeluted with 9-cis retinoic acid, and endogenous concentration values were calculated to be in the range of 4 to 6 ng/ g.
14 It was claimed that "these data validate 9CRA [9-cis retinoic acid] as a naturally occurring metabolite of vitamin A." 14 However, parallel UV detection of this peak was not performed, and it was argued in a subsequent review that the use of parallel UV detection is limited for physiological measurements. 12 This statement is unfortunately incorrect, and the use of UV detection, is indeed feasible, as demonstrated in various other studies. 7, 8, 23, 28, 29 Concentrations of around 1 ng/ml (or ng/g), ie, lower than the claimed endogenous levels of 4 to 6 ng/g (0.1-0.2 nM) in pancreas, 14 can easily be detected by UV measurements. 7, 8, 28 Confirmation of these results was attempted using our analytical methodology and mouse pancreas samples ( Figure 1B ). In this case, a peak was indeed detected in the MS/MS track (9.2 min retention time in MS/MS mode) and with a better separation in the UV track (9.3 min retention time in UV chromatogram). However, this substance only coelutes closely to 9-cis retinoic acid (9.0 min retention time in MS/MS mode and 9.1 min in the UV chromatogram), and it is obvious, with this analytical setup, that this peak has a slightly longer retention time than the 9-cis retinoic acid standard ( Figure 1B ). Our group is currently focused on the identification of this retinoid, and therefore additional data for peak identification, such as a UV spectrum to identify peaks, cannot be shown yet.
On the basis of the data reported by Kane et al, 14 it is doubtful that 9-cis retinoic acid is an endogenously occurring retinoid in pancreas. Once again, it should be noted that a simple coelution without additional structural elucidation is insufficient to claim definitively the existence of endogenous 9-cis retinoic acid. The appearance of a peak with specific MS/MS characteristics coeluting with 9-cis retinoic acid has already been confirmed in a study by Rühl, 7 and it was proven by parallel UV detection that this peak did not correspond to 9-cis retinoic acid. In a second ultrasensitive retinoid analysis, the presence of potentially endogenous 9-cis retinoic acid was also determined using highly sensitive MS/MS detection. 27 This identification of 9-cis retinoic acid was further proven by coelution with standards, and endogenous levels of 0.027 ng/ml (<10 À10 M) were calculated for this retinoid.
In summary, the identification of endogenous 9-cis retinoic acid has been disputed, and reported levels of endogenous 9-cis retinoic acid were either below the detection limit or based on a not fully conclusive and insufficiently reliable analytical method, ie, single HPLC-MS/MS detection alone, in ranges below 10 À10 M (0.03 ng/ml). Reporter cell analysis has shown the concentration of 9-cis retinoic acid required for RXR binding and initiation of transcriptional activation to be in the range % 10 À7 to 10 À8 M. 1, 2, 10 In conclusion, we suggest that 9-cis retinoic acid, although a potent RXR ligand, has only been rigorously identified endogenously either after high pharmacological/toxicological retinoid administration or after artificial nutritional interventions with food that is rich in vitamin A. [22] [23] [24] The second class of derivatives that have been found to activate RXR-mediated signaling are various fatty acids like phytanic acid, docosahexaenoic acid (DHA), and oleic acid. [3] [4] [5] As in the case of 9-cis retinoic acid, one must compare the range of activation for RXR binding and transcriptional activation with the endogenous levels and the levels after nutritional intervention ( Figure 2 ). Phytanic acid binds RXR at around 10 À5 M, 3 and DHA and oleic acid also bind RXR at similar concentrations of 10 À5 M. 4, 5 The endogenous levels of free fatty acids in tissues are % 10 À7 to 10
À8
M for DHA, 30, 31 % 10 À6 to 10 À7 M for phytanic acid, 3 and 10 À6 M for oleic acid (quantified as a fatty acid after saponification 5 ). Once again, these findings may indicate that the endogenous levels of these derivatives are too low to bind RXR and elicit transcriptional activation.
Recently our groups have confirmed the endogenous presence of 9CDHRA, together with its all-trans isomer, in several organs (liver, serum, brain) from mice through a combined liquid chromatographytandem mass spectrometry and UV analytical set-up and comparison with synthetic standard samples. The quantities measured were considered sufficient to maintain RXR-dependent activities. In fact, 9CDHRA displayed biological activities similar to those of synthetic RXR agonists and coordinated the transcriptional activities of several nuclear receptor-signaling pathways, possibly through the corresponding permissive heterodimers. 10 In summary, we suggest that either (1) a cocktail of various endogenous RXR activators could initiate RXRmediated signaling or, more likely, that (2) the newly discovered ligand 9CDHRA may be a plausible candidate to explain RXR-mediated signaling. 10 We also suggest that 9CDHRA could be the first endogenous RXR ligand identified that can bind RXRs, can initiate RXR-mediated signaling, and is present in sufficient endogenous and nutritional levels for RXR activation. 10 In addition, we are currently working on an array of different related endogenous derivatives that could be alternative, endogenously relevant RXR activators with selective RXR activation potential, as suggested by Calleja et al.
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Proximate nutritional precursors of 9CDHRA and metabolic pathways
The trans-to-9-cis isomerization and the saturation at the C13-C14 bond are the main structural differences between 9CDHRA and the classical vitamin A retinoids ( Figure 3 ; reviewed by Blomhoff and Blomhoff 9 and Rühl 32 ). The 9-cis-and/or 13,14-dihydro derivativesin addition to being generated by the endogenous metabolism of classical retinoids-could derive from nutritional sources [33] [34] [35] that contain either one or both of these structural features. In this regard, both carotenoids with 9-cis geometries as well as nutritionally relevant retinoids such as 9-cis retinol and 9-cis retinyl esters are known to be present in the human diet. 22, 36, 37 9-Cis isomerization. The key element in the structure of 9CDHRA is the presence of the 9-cis isomer of the conjugated tetraene ( Figure 1C ). However, a targeted enzyme-mediated mechanism has not yet been identified for the all-trans-to-9-cis isomerization of retinoids. Targeted and selective retinoid isomerization is of great importance, especially for retinaldehydes in vision, 38, 39 where 11-cis-to-trans isomerization occurs upon light absorption by the chromophore bound to opsin, and the reverse trans-to-11-cis isomerization occurs at the level of the retinyl esters mediated by retinal pigment epithelium 65 (RPE65) 39, 40 or by the isomerase dihydroceramide desaturase 1 (DES1). 41 Both enzymes were described to be mainly present in the retina of the eye, with no or only limited physiological relevance as a major systemic or non-eye-related local source of 9-cis retinoids. Other studies, however, found both enzymes to be of physiological relevance, such as RPE65 in the skin 42, 43 and DES1 in adipose tissue. 44 Alternative isomerization at the trisubstituted double bonds of the polyene chain have been described only for the C13 ¼C14 bond. The trans-to-13-cis isomerization appears to be a selective, enzyme-mediated process, as found recently by Takahashi et al, 45 with 9-cis isomers formed as the major nonselective byproducts. This trans-to-13-cis isomerization in retinoids and carotenoids was also found to be of relevance for conditions associated with chronic disease, such as those associated with heavy smokers. 46 This finding suggests a potential radical-or enzyme-mediated mechanism in such cases. Targeted 13-cis and 11-cis isomerizations always resulted in the formation of minor amounts of the 9-cis isomeric products. 39, 45 Site-specific, photochemically induced isomerizations are intrinsically linked to the 11-cis-to-trans isomerization visual process, but photochemical isomerization in vitro could also provide access to other isomers. A physiological relevance of nonenzymatic isomerization from freely solubilized retinoids in lightexposed organs like the eye and the skin remains elusive and seems highly unlikely. From the mechanistic and thermodynamic perspectives, the photochemical irradiation of 1,2-disubstituted ethenes affords a photostationary steady state that contains a mixture of the cis and trans isomers in a ratio that depends on the extinction coefficients and the quantum yields of the corresponding forward and reverse reactions. In the cases of more-conjugated dienes and polyenes, the existence of ground-state conformations of different energy might result in isomer ratios that are more difficult to rationalize than those in the case of simple alkenes. 47 For example, irradiation of all-trans retinal in hexanes Figure 2 Structures and concentrations of the potential endogenous retinoid X receptor (RXR) ligands 9CDHRA, 9CRA, PHYA, and DHA, with concentrations of this substance shown in the endogenous range (ER) and RXR-activation range (AR). Abbreviations: 9CRA, 9-cis retinoic acid; 9CDHRA, 9-cis-13,14-dihydroretinoic acid; DHA, docosahexaenoic acid; PHYA, phytanic acid.
afforded a mixture of isomers that contained 5% 13-cis retinal, 41% 9-cis retinal, and 54% all-trans retinal. 48 This result highlights the fact that the trisubstituted double bonds (9-and 13-cis) are energetically more accessible from the all-trans configuration, whereas the disubstituted double bonds (7-and 11-cis) make only a very minor contribution to the equilibrium of the mixture.
On the other hand, double-bond isomerization processes in olefins and polyenes can be induced by treatment with other reagents. Studies on the equilibrium composition of retinoids with various polar end groups (aldehyde, carboxylate, carboxylic acid, and palmitoyl esters) have been carried out using both iodine and trifluoroacetic acid as reagents. 49 Treatment with iodine led to the isomerization of the all-trans retinal to the 13-cis isomer, with a rate constant of 1.9 Â 10 À4 s
À1
(the reverse reaction was faster, with a rate constant of 4.5 Â 10 À4 s À1 ); the 9-cis isomer was also formed from the all-trans derivative, but at a lower rate. Furthermore, 9-cis retinal was converted to the 9,13-dicis retinal isomer at a faster rate than formation of the other stereoisomers took place. At equilibrium, treatment of all-trans retinal with iodine led to the following composition, as measured by HPLC: 23% 13-cis, 4% 9,13-dicis, 11% 9-cis, 0.1% 11-cis, and 62% all-trans configuration. Comparable values were determined when the equilibrium was established with trifluoroacetic acid: 22% 13-cis, 5% 9,13-dicis, 14% 9-cis, and 59% alltrans configuration. Interestingly, the ratio of isomers at equilibrium was qualitatively similar in polyenes of the same length having different terminal polar groups, since treatment of all-trans retinyl palmitate with catalytic quantities of iodine led to the formation of a mixture containing 24% 13-cis, 5% 9,13-dicis, 10% 9-cis, and 61% all-trans isomers. Given this precedent, it is not unexpected that the tetraene present in the structure of the 13,14-dihydro retinoids could isomerize under the aforementioned conditions to afford measurable quantities of the mono-cis isomer at the trisubstituted 9,10 double bond in a process that would result in 9-cis isomers. ATDDRA, all-trans-3,4-dehydroretinoic acid; ATDDRAL, all-trans-3,4-dehydroretinal; ATDDROL, all-trans-3,4-dehydroretinol; ATDHBC, all-trans-13,14-dihydro-b,b-carotene; ATDHRA, all-trans-13,14-dihydroretinoic acid; ATDHRAL, all-trans-13,14-didehydroretinal; ATDHROL, all-trans-13,14-dihydroretinol; ATRA, all-trans retinoic acid; ATRAL, all-trans retinal; ATROL, all-trans retinol; RAR, retinoic acid receptor; RXR, retinoid X receptor; 9CBC, 9-cis-b,b-carotene; 9CDHBC, 9-cis-13,14-dihydro-b,b-carotene; 9CDHRA, 9-cis-13,14-dihydroretinoic acid; 9CDHRAL, 9-cis-13,14-dihydroretinal; 9CDHROL, 9-cis-13,14-dihydroretinol; 9CRAL, 9-cis retinal; 9CROL, 9-cis retinol.
In vivo experiments have been carried out with the physiologically relevant retinals and retinoic acids. 50, 51 In the case of retinal, which can undergo condensation with amines, the isomerization of alltrans to 13-cis and 9-cis isomers was found to be catalyzed by either natural dihydroflavins 51 or phosphatidylethanolamines 50 through formation of the corresponding Schiff bases. In the case of retinoic acids, when all-trans retinoic acid was incubated with a bovine liver microsomal preparation, 9-cis retinoic acid was formed together with 13-cis and 9,13-dicis isomers. The maximum amount of 9-cis retinoic acid was approximately 10% of the total mixture of retinoic acid isomers. The results are consistent with previous findings that the addition of all-trans retinoic acid to COS-1 or S2 cells led to mixtures of double-bond isomers, with a larger proportion of the 13-cis isomer.
1,2,52 The process appears not to be enzyme mediated, as kinetic experiments did not show saturation by the (radioactive) substrate in this rather sluggish reaction, which follows first-order kinetics. 53 The lack of site specificity in the double-bond isomerization is also consistent with the aforementioned proposal. All-trans retinoic acid also underwent isomerization when incubated with a combination of 1% bovine serum albumin (BSA) and 1% sodium dodecyl sulfate (SDS) but was recovered in the presence of each component alone. The qualitative composition of the product mixture was the same when using either the BSA/SDS combination or the microsomal preparation, but in the former case, 15% 9-cis isomer was present, which is very similar to the levels found for retinyl esters and retinals. 49 An estimated energy difference of 3.3 kJ/mol between the trans and the 9-cis isomers suggests that the latter compound could be obtained under the conditions of a kinetically viable process. It was suggested that thiol groups on the proteins play an important role, as the addition of thiol-blocking reagents, such as Nethylmaleimide and p-hydroxymercuribenzoate, virtually abolished isomerase activity catalyzed by liver microsomes, BSA, or SDS, thus showing that isomerization of retinoic acid is catalyzed by thiols. 53, 54 In summary, 3 aspects of 9-cis isomerization should be noted. First, 9-cis isomerization is highly dependent on the interaction with electromagnetic radiation, a process that produces a complex mixture of various single-and double-bond retinoid isomers ( Figure 1D ).
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The 9-cis isomers do not represent a favored isomerization product via these nonspecific pathways, and therefore it is unlikely that these previously summarized pathways are of major physiological relevance. These nonspecific isomerization processes are promoted by radicals, glutathione, and thiol groups.
Secondly, although a targeted enzymatic pathway for the all-trans-to-9-cis isomerization is possible but this has yet to be further discovered.
A third potential pathway for the endogenous formation of 9-cis retinoids involves specific binding proteins, targeted metabolic conversion pathways, and transporters for those particular isomers. Various steps in this cascade-ranging from binding proteins, cellular transporters, and metabolic enzymes-should be highly 9-cis retinoid selective. As an example, the 9-cis binding specificity was summarized for retinol-binding proteins (RBPs) 1 and 2, 15 and RBP1 was described to influence the ratio of 9-cis to all-trans for dihydroretinoic acids. 10 Alternatively, with relevance mainly for the visual cycle, the cellular retinal-binding protein (CRALBP, encoded by RLBP1) is a selective binding protein chaperoning primarily 11-cis retinal for phototransduction, as summarized by Cascella et al. 55 However, more than one physiological role of CRALBP was already suggested, particularly with regard to the partial 9-cis retinalbinding properties of this protein. 56, 57 Recently, an isomerase activity was identified that transforms 9-cis retinal into 9,13-dicis retinal. 58 This isomerase activity and the selective presence of CRALBP in various regions and specific cells of the brain 59 point toward additional nonvisual-related functions of this enzyme. Surprisingly, CRALBP is also expressed in oligodendrocytes like RXRc and might therefore be directly relevant for the local production of 9CDHRA and further ligand activation of RXRc. 60 It is speculated there might be a functional connection between CRALBP-mediated 9-cis retinoid-chaperoning activity and RXR-mediated signaling in the brain. In summary, 9-cis-specific binding could indicate that targeted or nontargeted 9-cis isomerization may occur through as-yet undetermined mechanisms. Moreover, the selection, uptake, and transport of these specific isomers is highly selective and is controlled by these proposed uptake, binding, and metabolic pathways.
13,14-Double-bond specific hydrogenation. 13,14-Dihydro carotenoids have not been reported to date, except for the case of acyclic carotenoids such as lycopene, phytoene, and phytofluene. 61 The 13,14-double-bond formal hydrogenation might result from the action of retinyl saturase (RETSAT) on the unsaturated precursor retinol or from an alternative metabolism of classical known retinoids. 34 The major bioactive end product after the action of retinol saturase and further oxidation by retinol dehydrogenase and retinal dehydrogenase is all-trans-13,14-dihydroretinoic acid, which was first identified in the liver of LRAT À/À vitamin A-treated adult mice (190 nM; 57 ng/g). 62 This metabolite has been identified in even higher concentrations in serum, liver, and brain of young wild-type non-vitamin A-supplemented mice (respectively, 96 ng/ml, 352 ng/mg, and 38 ng/g). A pre-eluting peak on the HPLC trace was also monitored by Moise et al 62 and was instead considered to be a cis dihydroretinoic acid, but its structure could not be determined.
Carotenoids may also be hydrogenated, as suggested by studies in farm animals 33 that are direct food sources or are indirect producers of foods such as dairy products and eggs. We suggest that either 9-cis carotenoids or 9-cis retinoids are the main nutritional precursors of 9CDHRA, while classical retinoids may serve as retinol saturase substrates for the endogenous synthesis of 13,14-dihydro retinoids in humans or animals, as summarized in Figure 3 . In addition, 13,14-dihydro carotenoids might be present in human food and in the human organism, but, due to a lack of focus and the need for analytical standards and methodologies, these derivatives have not been detected yet. The results of studies in our laboratory have shown that various, yetuncharacterized derivatives with a partially saturated conjugated double-bond system and isomeric structures are present in the human diet and in the mammalian organism. However, the precise structures and functions of these compounds are still unknown.
63,64
Carotenoid cleavage. A fourth pathway to access 9-cis retinoids starts from plant-food-derived carotenoids and animal-food-derived retinoids, which are mainly present as complex isomeric mixtures. 36, 37, 65 High levels of 9-cis-b,b-carotene have been found in various foods and have been detected in healthy non-carotenoid-supplemented humans. 66, 67 It has been suggested that the uptake of specific isomers from food is selective and controlled for particular carotenoid isomers. 68, 69 Cleavage of 9-cis-b,b-carotene at the central C15 ¼ C15 0 double bond in human intestinal mucosal extracts in vitro 70 and in rat liver/intestinal mucosa extracts in vitro 71 has been reported. However, the use of purified recombinant b-carotene oxygenase 1 (BCO1) enzyme did not result in cleavage of 9-cis-b,bcarotene. 72 Alternative studies using all-trans-b,b-carotene and 9-cis-b,b-carotene resulted in a nonpreferred metabolism of 9-cis-b,b-carotene by murine BCO1 transfected into Escherichia coli, resulting in a mixture of stereoisomers with an approximate molar ratio of 9:3:1 for all-trans retinal, 9-cis retinal, and 13-cis retinal. 73 So far, experimental evidence of successful 9-cisb,b-carotene cleavage to 9-cis retinoids using b-carotene oxygenase 2 (BCO2) is lacking 74, 75 (reviewed by Lobo et al 76 and Moise et al 77 ) . Just in BCO2 transfected to E coli, a nonpreferred cleavage pathway via excentric cleavage of 9-cis-b,b-carotene was observed. 73 For comparison, alternative studies that focused on the acyclic carotenoid lycopene suggested that geometric isomers 78 or dihydro lycopene 64 are likely preferred substrates of a potential BCO2-dependent cleavage pathway. In summary, despite the lack of experimental evidence, the pathway from 9-cis dihydro carotenoids might be of physiological relevance for endogenous 9CDHRA synthesis that starts from dietary carotenoids.
9CDHRA in humans and mice
In a recent study, 9CDHRA was identified in mice at levels ranging from 118 ng/ml (391 nM) in serum, 135 ng/g (447 nM) in liver, and 38 ng/g (126 nM) in brain, which is sufficient to enable RXR signaling. 10 In a large cohort study, 9CDHRA was quantified in human serum and adipose tissue at levels of 4 to 5 ng/ml (13-17 nM) (R.R., et al, unpublished data, 2018). These results seem to indicate that, in humans, the retinoic acids are used mainly for RAR binding and activation, whereas in mice, the 13,14-dihydro derivatives are the preferred endogenous retinoids for RAR and RXR binding. These differences may result from differences between mice and humans in carotenoid metabolism and kinetics as well as from the different dietary habits of these 2 mammals. 79 Postulation of 9-cis-13,14-dihydroretinoic acid as a ligand from a novel vitamin A category History and milestones of vitamin A research. Symptoms of vitamin A deficiency, such as night blindness, were recognized as early as the ancient Egyptian times. Even as early as 1500 BC, liver and honey were used in China to heal night blindness. Unfortunately, appropriate references from periodical journals and books from ancient times and prior to World War II are largely missing, and appropriate historical reporting with the recognition of merit to specific scientist(s) is difficult to discern.
In modern times, the connection was made between specific food components and symptoms of deficiency, and the essential dietary derivatives were first categorized by Elmer McCollum and later named "vitamins" by Kazimierz Funk. 80 Vitamin A, in parallel with vitamins C and D, was among the first group of derivatives that were associated with deficiency symptoms. 81 This active lipid was first named fat-soluble A
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and further named vitamin A. 83 Various dietary extracts from animal-derived foods like fish, birds, or mammals were predicted to prevent and heal different aspects of vitamin A deficiency syndromes, especially those related to vision. 84 In 1931, Karrer et al 85, 86 identified a fat-soluble nutrient derivative, termed vitamin A, in cod liver oil. In addition, work from Frederick Hopkins established that "assessor factors" in food, besides proteins, carbohydrates, and fats, are necessary for the functions in the human body. 87 Later, in 1929, Hopkins was awarded the Nobel Prize in Physiology or Medicine. Furthermore, b-carotene, as provitamin A, 88 and retinol 86 were identified as major bioactive components in these dietary extracts. These derivatives were categorized as vitamin A. Paul Karrer, who elucidated the structure of b-carotene and retinol, was later also awarded with the second Nobel Prize, the Nobel Prize in Chemistry, for basic vitamin A research. In parallel, Edisbury et al 89 and Gillam et al 90 found in 1937-1938 a food factor present mainly in marine fish. They used the term vitamin A 2 to name this second category of vitamin A, as it displays different absorption spectra than retinol due to the presence of an additional double bond at the ring C3-C4 positions. In addition to investigating the developmental effects of vitamin A, George Wald 91, 92 focused on the visual pigment activity of vitamin A and established the vital connection between 11-cis retinal and the visual process. In 1967, this important finding was recognized with the Nobel Prize in Physiology or Medicine, which was the third Nobel Prize for vitamin A research.
In the 1980s, knowledge of the molecular action of vitamin A was further expanded, mainly by the groups of Pierre Chambon and Ronald Evans, through the identification of all-trans retinoic acid as the bioactive mediator of a large array of vitamin A effects. They identified all-trans retinoic acid as a nutrient-derived lipid hormone and, thereafter, reported the association of all-trans retinoic acid with RAR for mediating transcriptional activity 93 and the retinoic acid receptors as new members of the nuclear hormone receptor superfamily. 94 The physiological importance of all-trans retinoic acid/RAR-mediated signaling as the major effect of vitamin A has been further established. [95] [96] [97] Besides RARs, also the RXRs 98-100 were identified as mediators of important functions and were established as the obligatory heterodimer-binding partners for a large variety of nuclear hormone receptors. In 1992, 9-cis retinoic acid was identified as the putative endogenous ligand for the RXRs. 1, 2 In parallel, the vitamin A 2 derivative all-trans-3,4-didehydroretinoic acid (vitamin A 2 acid) was identified endogenously in humans 101 and later shown to display activity similar to that of all-trans retinoic acid in activating RAR-mediated gene transcription. 102 A clear involvement of didehydro retinals in the mammalian and, especially, the human visual cycle was never established. 103 In addition, nonvertebrate relevant derivatives of vitamin A were found, namely 3-hydroxyretinal ("vitamin A 3 ") in arthropods and 4-hydroxyretinal ("vitamin A 4 ") in some crustaceans, as reviewed by Babino et al. 104 Recently, the Palczewski group reported the endogenous presence of 13,14-dihydro retinoids 34 and established major metabolic formation pathways. 34, 62, 105 Furthermore, they identified all-trans-13,14-dihydroretinoic acid as a low-affinity ligand for RARs. 106 In 2015, Rühl et al 10 identified 9CDHRA as the first endogenous RXR ligand and later suggested its formation from endogenous 13,14-double-bond hydrogenation, 9-cis isomerization, or food-derived carotenoid cleavage pathways. 26 Vitamin A research has thus far established fundamental principles for connecting diet with vitamin A and lipid hormone receptor activation and further mediated signaling resulting in regulation of various (patho)-physiological pathways. Unfortunately, the endogenous presence and nutritional relevance of the RXR ligand and, especially, the status of 9-cis retinoic acid in that regard has proven highly controversial (reviewed in de Lera et al 26 ).
General definition of vitamin A. A vitamin is a substance that can fully reverse vitamin deficiency syndrome. 32, 107, 108 The term vitamin was mainly established for human relevance but is also used for alternative species that have different physiologies and nutritional behaviors and, thereby, different individual vitamin requirements. Vitamin A 1 , which includes derivatives such as retinol, retinyl esters, and retinal, and provitamin A derivatives like b-carotene, a-carotene, and b-cryptoxanthin as well as comparable vitamin A 2 derivatives (eg, 3,4-didehydro retinoids and the carotenoid anhydrolutein), which occur mainly in avian and fish species, 35, 109 belong to this category. The human relevance of visual pigments from the vitamin A 3 and A 4 clusters, which thus far have not been linked to vertebrates, may also be considered critically. 104 Vitamin A activity has not been comprehensively defined, but various physiological processes are dependent on nuclear hormone receptor-mediated signaling, eg, embryonic development and growth; maintenance of the immune system, the immune response, the nervous system, the cardiovascular system, skin homeostasis, and lipid metabolism [110] [111] [112] [113] as well as visual functions, which are mainly mediated via non-nuclear hormone receptor-mediated pathways. Various pathophysiological effects were found in vitamin A-deficient animals and also cofound in studies using functional RAR-and RXR-deleted mutant mouse models, as reviewed by Szanto et al. 114 It was concluded that various effects of vitamin A activity are mediated via RARor RXR-mediated processes (reviewed by Kastner et al 97 and Lohnes et al 115 ). In particular, embryonic development is highly dependent on RAR/RXR-mediated signaling (reviewed by Szanto et al 114 and Rhinn and Doll e 116 ) but is less dependent on alternative processes mediated by RXR heterodimers. 97 RXR-mediated signaling as a major vitamin A-dependent effect. In adult animals, RXR heterodimers, mainly RXR-VDR (vitamin D receptor), RXR-PPAR (peroxisome proliferator-activated receptor), RXR-FXR (farnesoid X receptor), and RXR-LXR (liver X receptor), along with RXR-RAR, regulate homeostatic lipid metabolism and inflammation. 13, 16, 96, [117] [118] [119] Changes in this receptor-mediated signaling result in severe metabolic and immunological diseases. 13, 114 Several of these physiological effects are dependent on RXR-mediated processes like inflammatory response and lipid signaling and are thereby linked to various pathophysiological effects identified in adult vitamin A-deficient animals. [120] [121] [122] [123] [124] [125] Genetic dissection of retinoid receptor signaling provided strong support for the involvement of RXR-RAR heterodimers in mediating vitamin A signaling during mammalian development, as various abnormalities associated with vitamin A deficiency syndrome were observed in RXR knockout mice. 97, 126 It is less clear, however, how an RXR ligand contributes to such developmental regulation. The ablation of the activation function domain 2 of the RXR (RXR-AF2 knockout animals), which abolishes ligand binding and further ligand-dependent transcriptional activity, mimics the lack of an RXR ligand for binding and activation. Particularly during early embryonic development, RXR-mediated signaling might be mostly independent of the RXR ligand binding. 127, 128 During later embryonic development, the RXR-AF2 knockout mice recapitulate a large subset of abnormalities previously observed in null RAR mutant mice.
129 Subsequent molecular biological studies showed that RXR ligand binding might be directly relevant for the control of RXR heterodimers with PPAR, VDR, RAR, and thyroid hormone receptor 130 as well as for LXR and FXR (reviewed by Perez et al 131 ). We conclude from these experiments that the endogenous RXR ligand serves as the major switch to enable RXR-heterodimer-mediated signaling in the mammalian organism (Figure 4) . Various effects observed in vitamin A-deficient animals were comparable to effects found in RXR knockout animals. 97, 126 Surprisingly, common abnormalities were found in PPAR knockout, LXR knockout, and VDR knockout mouse models compared with RXR knockout mouse models. These findings suggest that various physiological effects mediated by RXR-VDR, RXR-LXR and RXR-PPAR signaling may also depend on RXR ligand regulation. 11, [120] [121] [122] [123] [124] [125] 132, 133 In summary, we believe that, besides non-nuclear hormone receptor-mediated effects in vision, the RAR-and, especially, RXRmediated pathways are the major pathways for vitamin A activity ( Figure 5 ) and that these are dependent on endogenous RAR and/or RXR ligands.
Potential novel endogenously occurring vitamin A derivatives. It is widely accepted that all-trans retinoic acid is the endogenous relevant RAR ligand, but other ligands have also been described. 10, 62, [134] [135] [136] [137] [138] 13,14-Dihydro retinoids 10,34,62 and 9-cis retinoids/carotenoids 36, 37, 66, 67, 69 have recently been found endogenously, and they might function as direct ligands or precursors of endogenous RXR ligands. 10 9-Cis retinoids can be converted to all-trans retinoids and serve as additional precursors for the endogenous RAR ligand, all-trans retinoic acid. It is not currently known whether 13,14-dihydro retinoids can be dehydrogenated back to fully conjugated classical retinoids, but this process is considered highly unlikely ( Figure 3A) .
It seems that these classes of endogenous retinoids, ie, the 9-cis retinoids, the 13,14-dihydro retinoids, and the 9-cis-13,14-dihydro retinoids, are the exclusive precursors for RXR ligands (summarized in Figure 3B ). It is still unclear whether the metabolism of these saturated derivatives starting exclusively from vitamin A 1 derivatives like retinol might represent an equally important or just a minor endogenous pathway. 34 Nutritional intake of 13,14-dihydro retinoids/carotenoids, 9-cis retinoids/carotenoids, or 9-cis-13,14-dihydro retinoids/carotenoids could be of major relevance to maintain endogenous 9CDHRA levels. Based on structural comparisons with vitamin A 1 and A 2 , the 9-cis-13,14-dihydro retinoids cannot be subordinated to these 2 existing groups of vitamin categories.
Retinoid X receptor ligand binding is a highly important mechanism responsible for vitamin A-mediated effects. 114, 129, 130 This fact may indicate that 13,14-dihydro retinoids, 9-cis retinoids, and 9-cis-13,14-dihydro retinoids, along with still-unknown potential novel provitamin A carotenoids, can be considered specific precursors of RXR ligands. On the basis of the information outlined above, potential RXR ligands originating from vitamin A 1 and A 2 pathways seem to have no or very limited endogenous relevance. We suggest that this new signaling pathway, which is relevant for RXR activation, should also be included as a crucial criterion for general vitamin A functions ( Figure 5 ). In summary, because the nonendogenously relevant 9-cis retinoic acid originating from the vitamin A 1 pathway should be excluded as an endogenous relevant RXR activator, the 9-cis-13,14-dihydro retinoids and their nutritional precursors represent a novel vitamin A signaling pathway.
Vitamin A in vision. The second important physiological function of vitamin A is to act as a chromophore in the visual cycle. The vitamin A 1 derivative retinaldehyde (11-cis and all-trans isomers) is the major chromophore in humans, 55 while in birds and fish, and, possibly, also in humans, the corresponding vitamin A 2 derivatives 3,4-didehydro retinaldehydes may also be present and function in the visual cycle. 139 The differences between vitamin A 1 and vitamin A 2 chromophores are related to the number of conjugated double bonds, which determines the energy required to induce isomerization to transmit signaling following light absorption. 140 Light sources of lower energies are required for the isomerization of higher conjugated double-bond systems, such as that present in 3,4-didehydro retinoids.
It was previously speculated that "additional factors" might bind opsin as chromophores in mice to enable UV vision. 141 If 13,14-dihydro retinoids could be considered to function as chromophores of visual pigments, higherenergy electromagnetic radiation would be necessary to trigger their isomerization. Mice and various animals have the ability to detect this higher-energy radiation in the UV range. 142 In humans and many other mammalian species, the corneal lens filters out high-energy UV light, most likely to prevent the development of ocular cancer. In mice, which have a much lower life expectancy and a nocturnal life cycle, this filtering might not be needed, and the ocular corneal lenses of rats, mice, and guinea pigs allow UV light to pass through. 143 13,14-Dihydro retinaldehydes with an absorption in the UV range and a nonconjugated double-bond system with opsin might function as the proposed "additional factors" claimed by Gouras and Eksten, 141 and we will focus on the identification of these derivatives and their potential mechanisms of action.
DISCUSSION
Comparison of data from various studies on the potential endogenous RXR ligand 9-cis retinoic acid has led to the conclusion that endogenous 9-cis retinoic acid has never been found unambiguously except in ranges below 10 À10 M (0.03 ng/ml), 7, 8, 10, 17, [19] [20] [21] 27 which is too low for binding of RXR ligands and initiation of transcriptional activation. Alternative endogenous RXR ligands such as DHA, phytanic acid, and oleic acid were also found in endogenous relevant levels too low to enable RXR-mediated processes. We claim that 9CDHRA is the first described endogenous relevant RXR ligand in mammals to function as the endogenous RXR ligand.
Various endogenous pathways, especially selective trans-to-9-cis isomerization, 9-cis-specific nutrikinetics and metabolism, and 13,14-hydrogenation processes, are still ill-defined in the human organism. The internal isomerization rates of these polyenes are considered too low and too positionally nonspecific to explain comprehensively the internal endogenous RXR ligand synthesis in addition to retinyl saturase (RETSAT)-mediated 13,14-hydrogenation processes. On the basis of these assumptions, it is unlikely that the endogenously mediated synthesis is providing sufficient levels of 9CDHRA, although yet-undetermined differences in physiological and nutritional status should also be taken into consideration. Proximate nutritional precursors, which are present in high amounts in human food and in the human organism, especially 9-cis retinoids, 13,14-dihydro retinoids, and 9-cis-13,14-dihydro retinoids as well as potential novel provitamin A carotenoid precursors with 9-cis and/or 13,14-dihydro partial structures, may serve as the direct source of the 9CDHRA present in the mammalian organism. All these proximate, direct, nutritional precursors of the endogenous RXR ligand 9CDHRA may thereby be included as members of a novel category of vitamin A.
CONCLUSION
In conclusion, due to the crucial physiological effects of vitamin A mediated via RXR, mainly in adults and especially through ligand-activated RXRs, we suggest that the proximate nutritional precursors of 9CDHRA, namely 9-cis retinol, 9-cis retinyl esters, 9-cis-13,14-dihydroretinol, 9-cis-13,14-dihydroretinyl esters, and, possibly, novel provitamin A carotenoid precursors with 9-cis-and 13,14-saturated partial structures such as 9-cis-b,b-carotene and 9-cis-13,14-dihydro-b,b-carotene, may represent a novel cluster of vitamin A, which we name vitamin A 5 and patented it. 144 In a sense, this novel pathway might be the most comprehensive of all, as it enables all features of vitamin A activity, including RXR-and RAR-dependent transactivation, the yetunexplored visual pigments ( Figure 5) , and also the major switch responsible for enabling ligand-dependent control of RXR heterodimers, which have crucial functions for endogenous homeostatic control over lipid metabolism, inflammation, and various other RXR heterodimer-dependent physiological pathways, especially in the central and peripheral nervous systems. We claim therefore that 9-cis-13,14-dihydro retinoids and their nutritional precursors represent a novel vitamin A category, and we name it vitamin A 5 .
Acknowledgments
Author contributions. R.R. designed the major concept of the article, wrote the article, and performed the literature search and critical data interpretation. A.R.dL. additionally contributed to the concept and writing of the article, including the literature search and interpretation of data. W.K. partly contributed to the concept and writing of the article and added valuable input to data interpretation and critical revision of the article. Declaration of interest. R.R., W.K., and A.R.dL. are inventors of patent PCT/HU2017/050047 and US16102137 entitled "Compounds for providing retinoids of the vitamin A5 pathway and uses thereof".
